Abstract
Introduction
An impressive host of astronomical and astrophysical observations (flatness of the rotation curves of single galaxies, properties of galaxy clusters, features of the cosmic microwave background, and others), accumulated along more than eighty years, supports the brilliant and daring intuition by Fritz Zwicky in 1933 [1] about the existence of a large amount of dark matter (DM) in the Universe. The theory of formation of cosmological structures provides further compelling support to the Zwicky's conjecture.
The presence in the Cosmos of a number of relics from the Big Bang, beyond ordinary matter (protons, neutrons, electrons) and neutrinos, looks quite natural. Indeed, many theories of particle physics and descriptions of cosmic evolution imply that, by various mechanisms, some kinds of particles (such as axions, neutralinos, sterile neutrinos) are present as fossils in our Universe, together with cosmological objects (typically, primordial black holes). Thus each of these physical entities, if really existing, can legitimately be considered as DM.
The most remarkable aspect is that DM, on the grounds of the mentioned observations, turns out to be even more abundant than ordinary matter, roughly by a factor of about 5 [2] . The total DM contribution might be due prominently to one single relic object, with a number of other fossils contributing very little to the total cosmological amount of DM. Though, it is obviously not excluded that more than one component share the role of sizeable DM components; a situation which would however raise the question whether this circumstance would be accidental or a sign of some correlation among different components.
Independently of the actual contribution to the total amount of DM, the direct search for each fossil candidate is obviously of great importance for our comprehension of cosmology, astrophysics, and particle physics.
In the present note only particle fossils are considered, and more specifically those which are generically denominated as WIMP (Weakly Interacting Massive Particles), even though we do not imply for them a dominant role as components of DM. We do not enter into specific physical realizations of WIMPs, except for some occasional mention of one of the favorite candidates: the neutralino [3] .
This note is not meant to be a thorough overview of the field. Rather, it puts the emphasis on some aspects of the field that appear to be of particular relevance, but are often overlooked in current literature.
Our comments on the very last developments are preceded by a retrospective look at the first steps in the field. In Sect.2 we outline some general features of the strategies employed in direct search of WIMPs and the developments focused on measurements of the expected WIMP annual modulation. In Sect.3 we comment on other experimental avenues. Sect. 4 is devoted to a discussion on the main results obtained recently by measurements of the annual modulation effects with low energy threshold. In Sect. 5 we present some final remarks.
Direct search for WIMPs: beginnings and developments
Experimental searches for the existence of fossil particles in our galaxy are best performed by analyzing the effects induced by these relics when they scatter off the material contained in an appropriate detector placed in a low-background environment. This line of experimental activity was prompted in the second half of the Eighties by a series of theoretical seminal papers.
Principle of detection and signal signatures
In 1985 Goodman and Witten [4] considered the possibility that the kind of detectors, originally suggested by Drukier and Stodolsky to measure solar and reactor neutrinos [5] , could be employed to measure certain classes of relic particles. In particular they considered the case of a particle interacting coherently with the atomic nucleus (a possible example within a supersymmetric theory being the sneutrino) and the case of a particle interacting with a nucleus with a spin-dependent coupling (a possible example within a supersymmetric theory being the photino). Actual estimates for the relevant detection rates were performed in Ref. [4] . This kind of evaluations was further developed by Drukier, Freese and Spergel [6] , who also noticed that the Earth's motion around the Sun would produce a distinctive modulation in the signal detected from halo particle candidates. This remarkable feature was emphasized as capable of playing a crucial role in discriminating signal from backgrounds. Further investigations of the signal modulation were presented in Refs. [7] [8] .
These last theoretical considerations were fundamental in putting the emphasis on the fact that the most natural and efficient approach in the search for DM particles in our galaxy consists in looking for effects due to the relative velocity of the Earth with the DM particle wind, i.e. annual and diurnal variations of the signal and its directionality. Use of these features provides irreplaceable tools in the experimental search for two reasons: 1) it represents a unique way to prove that a measured signal is genuine (provided that no other similarly-modulated background is present in the experimental environment), 2) it strongly suppresses the most common backgrounds. Whereas signal directionality is under study, but not yet measurable in present set-ups, signal annual modulation has already been systematically investigated, as discussed here below. Improved sensitivities of present devices and/or other experimental set-ups are likely to provide information about diurnal modulation in a near future.
Getting ready for the exploration of a popular DM candidate: the neutralino
Some overviews of the experimental beginnings of direct detection towards the end of the Eighties and the beginning of the Nineties are described for instance in Ref. [9] . Typically, classical Ge (Si) semiconductor detectors were able to investigate some of particle candidates with oddly high interaction rates with ordinary matter (cosmions, heavy Dirac neutrinos). However, the race for a large sample of various new set-ups (crystal and liquid scintillators, bolometers, track projection chambers, and others) had started.
An important experimental breakthrough occurred when it was shown that an efficient DM particles search by using a set-up made of ultra-low-background NaI(Tl) crystals deep underground was feasible [10] [11] . It was however important to estimate which should be the size (together with other relevant features) of the NaI set-up for its sensitivity to be commensurate with the expected rates for the detection on some realistic theoretical model. Since great expectations focused on candidates provided by supersymmetric theories, in Ref. [12] a detailed comparison was carried out to establish how current experimental sensitivity of the NaI set-up compared with the expected neutralino detection rates. Soon it turned out that the experimental target for a detector based on NaI crystals would be to reach a size of order of 100 kg. Such a set-up was actually developed and installed in the Gran Sasso Laboratory [13] ; after an exposure of 4123 Kg day [14] , it reached a sensitivity adequate to perform an experimental investigation of a sizeable portion of the neutralino physical (i.e., not yet excluded by accelerator searches) parameter space, as remarked in Ref. [15] .
Towards the measurement of the WIMP annual modulation
At the TAUP97 conference a first indication of an annual modulation effect in the search for WIMPs was announced by the DAMA Collaboration [16] [17] . Compatibility of these preliminary data with possible signals due a neutralino candidate was reported at the same Conference [18] [19] .
Subsequent phenomenological analyses, extended to WIMP masses smaller than the usually considered lower bound for the neutralino mass, led to the conclusion that a NaI detector of the capability of the DAMA set-up would have a marked sensitivity in two specific ranges for the WIMP mass: one around 10 GeV and one around 50-100 GeV [20] . It is worth noting that the actual values of the two characteristic mass intervals depend sensitively on the WIMP galactic distribution function (DF) and on parameters describing the detector nuclear properties. This is illustrated in Fig.4 of Ref. [20] , where a few examples of DFs are considered, among those discussed in detail in Ref. [21] . These features, involving light WIMPs (i.e., WIMPs with a mass between a few GeV and a few tens of GeV) became a commonly discussed property in the context of subsequent phenomenological analyses performed by various authors on NaI-detector results.
Since the time of the report of a first indication of annual modulation, the DAMA Collaboration progressively increased the statistical significance of this effect through successive improvements of the original set-up and an impressive collection of data. In 2003 the evidence of the annual variation reached the statistical level of 6.3 σ C.L. [22] [23] . These data, when analyzed in terms of a WIMP with a coherent scattering, singled out (in a plot of the WIMP-nucleon cross section vs WIMP mass) a region reminiscent of the sensitivity property anticipated in Ref. [20] , as pointed out in Ref. [24] . In this last paper it was proved that light WIMPs, under the features of neutralinos, compared quite well with the DAMA annual modulation results.
Through the sizeable increase in the detector mass (from a mass ≈ 100 Kg of DAMA/NaI to a mass ≈ 250 Kg of DAMA/LIBRA -phase 1), various improvements in the experimental apparatus and an impressive temporal exposure (14 annual cycles), the DAMA Collaboration was able to reach a total exposure of 1.33 ton year and a statistical significance for the annual modulation effect of 9.3 σ [25] [26] . It is important to stress that these results were made possible by the remarkable stability of the operational experimental parameters of the DAMA set-ups.
All along the evolution of the DAMA annual modulation measurements these results have prompted a lot of theoretical and phenomenological analyses covering a rather large range of different scenarios. Among others: light WIMPs (including neutralinos) [27] [28] [29] [30] [31] [32] [33] [34] , mirror dark matter [35] [36] , inelastic dark matter [37] [38] [39] . Various phenomenological scenarios were investigated by the DAMA Collaboration (see, for instance, Ref. [40] ).
Further results have been obtained recently by the DAMA Collaboration with an improved configuration, DAMA/LIBRA -phase 2, which allows a lower software energy threshold of 1 KeV as compared to the previous one of 2 KeV [41] [42] . These new data, collected over 6 annual cycles, added to those of DAMA/NaI and DAMA/LIBRA -phase 1, provide a statistical significance of the annual modulation of 12.9 σ. We postpone the discussion of these results to Sect. 4 .
Other experiments of direct detection operating with NaI crystals are those of Refs. [43] [44] [45] [46] [47] . The first three of these experiments plan to get an exposure adequate for measuring the annual modulation.
Can backgrounds of various origins mimic the DM annual modulation effect?
In view of the high level of statistical significance of the DAMA results, the only point that could invalidate the interpretation in terms of a genuine signal of a DM particle is the possibility that some background might vary with all the same peculiarities as the signature.
The very strict provisos set by the DAMA Collaboration for the definition of the genuine signal, set already from the very beginning, put quite severe constraints on possible backgrounds. However, because of the high relevance of this point, a deep inspection of alternative (not DM-related) explanations of the annual modulation, as also suggested by a large number of authors, has always been a matter of accurate estimates performed by the DAMA Collaboration for any imaginable peculiar modulating background, with the conclusion that all these possibilities would produce effects well below the signal level and unable to satisfy all the peculiarities of the exploited signature. The same conclusion has been reached by DAMA Collaboration by examining other suggested origin of spurious effects. Detailed discussions on this matter and related references can be found e. g. in Refs. [48] [49] and references quoted therein.
Signal/background discrimination by measurements of two signals
At variance with the NaI detectors mentioned so far, other experiments do not aim at cutting down the background by measuring the annual modulation expected for the signal, but try to discriminate DM signal from background by measuring two signals of different nature: typically, scintillation and phonons/heat, or scintillation and ionization. Experiments of this category are, among others, CRESST-III [50] , XENON 1T [51] , LUX [52] .
An important drawback of this detection strategy is that one renounces to make use of a specific signature of the searched-for effect, with the dramatic consequence that large backgrounds have to be estimated and subtracted from the collected data, using simulationbased background modelling.
This implies that the very constraining upper bounds to the WIMP-ordinary matter cross sections reported by the previous experiments should actually be taken with great caution.
The possible flaws intrinsic in the adopted experimental strategy appear to be often underestimated in current literature, with the consequence that null results are frequently accepted without deeper scrutiny. It is also worth recalling that comparing results of experimental set-ups using different target materials is uncertain because of the different nuclear properties.
DAMA/LIBRA phase 2 data
As mentioned above the DAMA Collaboration has recently published the results of the new experimental configuration DAMA/LIBRA -phase 2, in which the software energy threshold has been lowered to 1 KeV from the previous one of 2 KeV [42] . These results, anticipated in [41] , have immediately attracted much interest, because of the relevant information provided by the features of the energy spectrum in the energy range (1-2) KeV.
In Refs. [53] [54] the new DAMA energy spectrum is analyzed in terms of WIMPs with both spin-independent (SI) and spin-dependent (SD) interactions with the nucleons, assuming a WIMP Gaussian isotropic distribution in the galactic rest frame. Both canonical (isospin conserving) and isospin-violating interactions are considered. In Ref. [54] the analysis is further extended to WIMP-nucleus interactions depending on the WIMP velocity, which arise in a general non-relativistic Effective Field Theory [55] [56] .
The analyses of Refs. [53] [54] , that go in particular through a rebinning of the original experimental data, bring to similar conclusions, i.e. that, in the case of a SI interaction of low-mass candidates a good fit is obtained only by allowing a sizeable isospin-violation effect. Good fits are instead found in the case of a spin-spin interaction, also with isospin conservation. Some other interaction terms considered in Ref. [54] have similar good fits without requiring isospin violation.
Other phenomenological interpretations of the DAMA/LIBRA -phase 2 data have been suggested by other authors, for instance, in Ref. [57] and Ref. [58] .
A systematic analysis of how DM models compare with the DAMA/LIBRA-phase2 results has been performed by the DAMA Collaboration [59] [60] [61] . This analysis covers the two possible interaction mechanisms: one due to the interaction of the DM particle with atomic electrons, the other due to the interaction of the DM particle with the target nuclei. For these last instance various options for the quenching factors are examined. Furthermore, a large variety of particle DM candidates are worked out, employing also a selection of different analytic forms for the WIMP galactic distribution function. It is also worth stressing that, at variance with other analyses, the employed χ 2 includes a term encoding the experimental bounds on the unmodulated part of the signal. Also the channeling effect in the crystals is taken into account.
In Refs. [59] [60] it is found that many different models can provide a good fit to the DAMA/LIBRA-phase2 results (see, in particular, slide 24 of Ref. [59] for a few examples), the two most remarkable features being that: a) in virtue of the lower energy threshold, for each model the new data restrict significantly the model parameter space, b) even the simplest classical case of a coherent WIMP-nucleus interaction with a light WIMP mass fits remarkably well the experimental data (even for an classical isothermal galactic distribution, without any need for isospin-violation). This last result is at variance with what found in Refs. [53] [54] ; a fact most likely due to important differences in the features of the different analyses (quenching factors, binning, χ 2 definition, and other).
Final remarks
As we have seen in the previous sections, the measurement of the annual modulation effect performed by the DAMA Collaboration provides an impressive indication that at least a fraction of the DM in our Universe may consist of relic particles which interact with ordinary matter by some weak force. The mass of these WIMPs might preferentially fall on the lower side of the mass range (10-100) GeV (somewhat higher values for some distribution functions).
Though other scenarios are possible, it is remarkable that the two most natural cases, originally considered in the seminal paper by Goodman and Witten, of a WIMP with a (isospin conserving) coherent interaction with nuclei or of a WIMP with a spin dependent interaction perfectly fit the annual modulation data. The features of the measured annual variation agree well with the prediction by Drukier, Freese, and Spergel, either using the canonical isotropic galactic distribution or other alternatives.
For the time being no other specific feature of the WIMP, beyond those already mentioned, can be sorted out, and many different scenarios are still possible for different DM candidates. However, it is encouraging that the lowering of the energy threshold turns out to be very effective in restricting the parameter space in each specific scenario. This means that the strategy of improving the investigation of modulation effects in direct detection is a winning one and should be further intensively pursued, with the twofold purpose of further decreasing the energy threshold and of pursuing the investigation of a diurnal variation.
